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Abstract
Laser induced ultrafast demagnetization in ferromagnetic metals was discovered almost 20 years
ago, but currently there is still lack of consensus on the microscopic mechanism responsible for the
corresponding transfer of angular momentum and energy between electron, lattice and spin sub-
systems. A distinct, but intrinsically correlated phenomenon occurring on a longer timescale is the
magnetization precession after the ultrafast demagnetization process, if a magnetic field is applied
to tilt the magnetization vector away from its easy direction, which can be attributed to the change
of anisotropy after laser heating. In an in-plane magnetized Pt/Co/Pt thin film with perpendicular
interface anisotropy, we found excellent agreement between theoretical prediction with plausible
parameters and experimental data measured using time resolved magneto-optical Kerr effect. This
agreement confirms that the time evolution of the anisotropy field, which is driven by the inter-
action between electrons and phonons, determines the magnetization precession completely. A
detailed analysis shows that, even though the whole sample is magnetized in-plane, the dynamic
interface anisotropy field dictates the initial phase of the magnetization precession, highlighting
the significance of the interface anisotropy field in laser induced magnetization precession.
PACS numbers: 75.78.-n, 75.78.Jp
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Since the first experimental demonstration of ultrafast demagnetization in ferromagnetic
Ni in 19961, the interplay between coherent light and magnetic order has attracted much
attention in the magnetism community2. The physics involved in the laser induced ultrafast
demagnetization is so complicated that, after almost 20 years of its discovery, the micro-
scopic mechanism responsible for the transfer of angular momentum between electron, spin
and lattice subsystems, upon irradiation by laser pulses, remains elusive. Possible candi-
dates include direct angular momentum transfer from photons to electrons3, electron-phonon
scattering4,5, electron-magnon scattering6, electron-electron scattering7, and coherent inter-
action between electrons and photons8. In contrast to these local dissipation channels,
superdiffusive transport due to the different lifetime for spin-up and spin-down electrons
was proposed to account for the demagnetization observed in the first several hundred fem-
toseconds after laser irradiation9,10. For a complete description of the laser induced ultrafast
demagnetization in ferromagnets, all of those processes should be included in a Boltzmann-
like approach11.
A related phenomenon occuring on a longer timescale is the laser induced magnetiza-
tion precession in ferromagnetic metals12,13. Depending on the anisotropy of the studied
material, the precession period can vary drastically. But the typical timescale is ∼ 100 ps.
The magnetization precession observed can be understood on the basis of the change of the
anisotropy, which is a sensitive function of temperature. Intuitively, the two processes, i.e.
the ultrafast demagnetization occurring on the timescale of 100 fs and the magnetization
precession with periods of about 100 ps, are connected to each other. Actually, with a three
temperature model, the magnetization precession was explained as a consequence of the dy-
namic temperature profile, which is just the driving force for the ultrafast demagnetization14.
It was found that the qualitative behavior for films with in-plane anisotropy and out-of-plane
anisotropy is different, but no quantitative conclusion was given. A similar attempt using
the Landau-Lifshitz-Bloch equation15 was made later16. The aim of this article is to quan-
tify the significance of different types of anisotropy, based on a model description of the
magnetization procession.
In our model description, the ultrafast demagnetization is described by the microscopic
three temperature model (M3TM)5, and the transverse relaxation of magnetization is given
by the phenomenological LLG equation17,18. Hence, if only heat dissipation along the film
normal (z direction) is considered, the magnetization dynamics is given by three coupled
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differential equations5,
Ce
dTe
dt
= ∇z(κ∇zTe) + gep(Tp − Te) + P (t),
Cp
dTp
dt
= gep(Te − Tp),
dm
dt
= RTp
(
1−m coth
(
mTC
Te
))
m
− γ
(
m×B+ α
m
m
× (m×B)
)
. (1)
Te and Tp are the electron and phonon temperatures, Ce = γTe and Cp are the corresponding
heat capacities. For a free electron gas, γ = pi2DFk
2
B/3Vat with DF the electronic density
of states at the Fermi energy, kB the Boltzmann constant and Vat the atomic volume. ∇z
denotes the z component of the gradient operator. Source term P (t) is related to the heating
effect caused by laser pulses, which are assumed to couple directly to the electron subsystem.
The three subsystems are assumed to be at equilibrium, energy and angular momentum only
flow between them. m = M/M0, whose magnitude is m, is the magnetization vector nor-
malized to the zero temperature saturation magnetization M0, γ is the gyromagnetic ratio,
and α is the phenomenological Gilbert damping constant. B is the total effective magnetic
field, including the external, anisotropy and demagnetizaion field contributions. TC is the
Curie temperature, κ is the electronic thermal conductivity constant of the ferromagnetic
metal, and gep is the phenomenological electron-phonon coupling constant. gep is assumed to
be a constant, although it is actually a temperature dependent quantity19. Microscopically,
gep can be related to microscopic parameters as
gep =
3pi
2
D2FDpEDkB
Vath¯
λ2ep, (2)
where h¯ is the reduced Planck’s constant, Dp is the number of atoms per atomic volume, ED
is the Debye energy, and λep is the microscopic electron-phonon coupling constant. Constant
R determines the demagnetization rate, and is related to the spin-flip probability αsf during
electron-phonon collisions, mediated by the spin-orbit coupling, through
R =
8αsfgepkBTC
E2Dµat
(3)
with µat the number density of Bohr magnetons for the ferromagnet. Compared to the
M3TM5, the main modification made here is the addition of the transverse relaxation term
to the equation of motion for the magnetization vector. In spirit, the separation of the
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magnetization dynamics into longitudinal and transverse relaxations used here is similarly
employed in the LLB equation15 and the self-consistent Bloch equation20. The only difference
lies in the longitudinal relaxation term, which is given here by the M3TM5.
To quantify the influence of anisotropy field using Eq. (1), the magnetization dynamics
of a thin Co film was studied. The sample investigated was a Pt (4 nm)/Co (4 nm)/Pt
(2 nm) film made by DC magnetron sputtering onto a Boron doped Silicon wafer with 100
nm thermally oxidized SiO2. The base pressure of the sputtering chamber was 5.0 × 10
−8
mbar. The sputtering pressure for Pt was 3.0 × 10−3 mbar, while it was 1.0 × 10−2 mbar
for Co. The sputtering rate is 1.16 A˚/s for Pt and 0.29 A˚/s for Co. Time-resolved magneto
optical Kerr effect (TRMOKE) measurements were performed using a pulsed Ti:Sapphire
laser with central wavelength 780 nm, pulse width 70 fs and repetition rate 80 MHz. Both
pump and probe beams were focused onto the sample at almost normal incidence, hence
the measured TRMOKE signal is most sensitive to the out-of-plane (z) component of the
magnetization. The laser pump pulses induced, delay time (∆t) dependent Kerr rotation
was recorded using a double modulation technique21. In the TRMOKE measurements, the
external magnetic field was applied almost normal to the film plane (xy plane), in order to
tilt the magnetization out of the film plane.
It is well known that, at Pt/Co interfaces, the interface anisotropy is perpendicular to the
film plane, due to the 3d -5d hybridization there22,23. Assuming negligible bulk anisotropy,
the total anisotropy is a sum of the interface anisotropy and the demagnetization anisotropy,
EA = −
(
Ks
m3(Tp)
m2
−Kd
)
m2z, (4)
where Ks and Kd = µ0M
2
0 /2 are the temperature independent, interface and demagnetiza-
tion anisotropy constants. The temperature dependence of the interface anisotropy is taken
into account explicitly in Eq. (4) by the term cubic24,25 in m. Note we have postulated
that the interface anisotropy is sensitive to the lattice temperature Tp, as it is primarily
determined by the crystal field14. Due to the interface character of Ks, there is a critical
Co thickness where transition from out-of-plane magnetized configuration to in-plane mag-
netized configuration occurs. This thickness is around 1 nm for our sputtered samples26.
Hence for the 4 nm Co film considered here, the demagnetization anisotropy dominates the
interface anisotropy, and the film plane is the magnetic easy plane. Corresponding to Eq.
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(4), the anisotropy field is given by
BK =
(
Bs
m3(Tp)
m2
−Bd
)
mzeˆz = (BA +BD)eˆz, (5)
where Bs = 2Ks/M0, Bd = µ0M0 and eˆz is a unit vector perpendicular to the film plane.
In order to numerically study the laser induced magnetization dynamics, the Co film was
divided into four layers. The top layer and the bottom layer are affected by both the interface
anisotropy field and the demagnetization field, while the middle layers are only influenced
by the demagnetization field, which is obtainable from Eq. (5) by setting Bs = 0. The
exchange coupling between adjacent layers, layer i and layer j, is modelled by the standard
expression
EX =
A
d2
mi ·mj , (6)
with d = 1 nm being the separation between adjacent layers and A = 28 pJ/m the exchange
stiffness constant for thin film Co27,28. The laser pulse P (t) was modeled by a gaussian
function with group velocity dispersion29. The optical penetration depth at 780 nm of Co
is 13.5 nm30. Except for the magnitude of the laser pulse, all other optical parameters
used in the simulation were extracted from numerically fitting the short timescale (<1 ps)
demagnetization data, using a phenomenological model given in Ref. 31. Bulk magnetic
parameters32, TC = 1388 K, Vat = 11.1 A˚
3, M0 = 1.72 µB/Vat, µat = 1.72/Vat, were adapted
in the fit to experimental data using Eq. (1). The Debye energy ED = 38.4 meV of Co
33
was also fixed in the fit to data. The thermal conductivity of a 15 nm thick Co film κ = 40
W/m K34 was used to simulate the heat flow between individual magnetic layers. The heat
exchange between the Co film and the substrate is treated simply by a phenomenological
thermal conductivity κsub, which is varied to fit the data. The substrate temperature is set
to the ambient temperature, Tam = 300 K.
Experimental TRMOKE traces and best fits are shown in Fig. 1, after subtracting the
state filling effect contribution35 at ∆t = 0 to the experimental data. In fitting to the exper-
imental data, the measured magneto-optical signal, MO, is assumed to have contributions
from all three components of the magnetization vector36,37,MO ∝ mz+αxmx+αymy, given
that in our experimental setup, the probe light is not exactly normal to the film plane. Then
the variation of the magneto optical signal, ∆MO, which is defined as the difference after
and before the arrival of the laser pulse, is normalized to the maximal demagnetization,
∆MOmax, as shown in Fig. 1. The normalized data is then fitted by Eq. (1). Details of
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FIG. 1. Experimental magneto optical traces with various applied field (Bapp) normalized to the
maximal signal, ∆MOmax. Note the change of scale at delay time ∆t = 1 ps. Blue circles are
experimental data, and red lines are the corresponding fits. Distinctive features in magnetization
dynamics induced by ultrashort laser pulses irradiating on ferromagnetic metals are discernible:
ultrafast demagnetization occurring on the timescale of < 1 ps and magnetization precession on ∼
100 ps timescale.
the fitting procedure can be found in Ref. 5. It can be seen from Fig. 1 that the overall
agreement between experiment and theory is satisfactory, considering the crudeness of our
model. This shows that the main physics is capture by the simple Eq. (1). The relevant
physical parameters obtained from the best fits are αsf = 0.16 ± 0.01, α = 0.07 ± 0.02,
γ = 1.64 ± 0.06, Bs = 1.50 ± 0.01 T, λep = 11.3 ± 0.3 meV. The errors given are the
standard deviation of fitted values corresponding to different applied field Bapp. The fitted
γ corresponds to a Lande´ g-factor g = 1.86 ± 0.07, which is very close to the free electron
value. The interface anisotropy gives an out-of-plane to in-plane transition thickness ∼ 1.7
nm at zero temperature. This value is slightly larger than the experimental value ∼ 1 nm.
Since we used the bulk TC and µat in the fitting procedure, this difference is still acceptable.
Finally, the Elliott-Yafet spin-flip probability αsf and the electron-phonon coupling constant
λep are comparable to those obtained in Ref. 5.
To get a holistic understanding of the magnetization precession, the time evolution of
the total anisotropy field BK for the top Co layer is plotted in Fig. 2, together with its two
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FIG. 2. Dynamic evolution of the anisotropy field (BA, dashed line), the demagnetization field
(BD, dash-dotted line) and the total effective field (BK , solid line) for the top Co layer with Bapp
= 0.29 T. The inset shows the change of the electron temperature and the lattice temperature
with delay time ∆t. Note the change of scale at ∆t = 5 ps (2 ps in the inset) delineated by the
vertical solid line. The small amplitude ringing structure visible in ∆BD and ∆BA is caused by
the interlayer exchange coupling. It will be attenuated to zero in about 20 ps.
competing components, the interface anisotropy field and the demagnetization field. The
main characteristics of Fig. 2 is that, while the short timescale variation of BD and BA is
both positive, ∆BD and ∆BA are of opposite signs at large timescale. This competition
results in a negative anisotropy change, as shown in Fig. 2. The positive change of the
demagnetization field is easily understandable. From Eq. (5), ∆BD is essentially the change
of the z component of the magnetization vector. With the elevation of temperature (c.f.
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inset of Fig. 2), the magnitude of the magnetization vector is always reduced, therefore the
change of the demagnetization field is always positive. The sign change of ∆BA is intriguing.
It is a natural result of the dynamic evolution of Te and Tp, which is itself the driving force
for the ultrafast demagnetization observed at short timescale (∆t < 1 ps in Fig. 1). As can
be seen in the inset of Fig. 2, before the equilibrium is reached, the electron temperature
Te is higher than the phonon temperature Tp. From Eq. (5), a higher Te, whose direct
consequence is a smaller m (< m(Tp)), will give a positive change of BA, compared with
the value before the arrival of the laser pulses. Once an equilibrium is established between
Te and Tp (Actually, in the inset of Fig. 2, there is a small amplitude overshooting of the
phonon temperature, which is solely resulted from the fact that only the heat dissipation
due to electron heat conduction is considered in Eq. (1)), their common value is still higher
than the ambient temperature, T ≈ Te ≈ Tp > Tam. This results in BA ∝ mmz(T ), which
is smaller than its corresponding value at ambient temperature, assuming the polar angle
of m (hence mz) is not increased in the whole process (Fig. 2, ∆BD curve). The resulted
change of anisotropy is thus negative. The above analysis qualitatively explains the change
of sign for ∆BK , and hence the initial phase of the magnetization precession. Without the
sign change in ∆BK , the magnetization precession will follow the ∆BD curve. In addition,
more insight into the magnetization precession observed can be gained: the driving force
behind the magnetization precession is the dynamic evolution of the anisotropy field, which
is directly derived from the equilibration process of the electron and phonon subsystems
initiated by irradiation of ultrashort laser pulses. This completes the whole picture of laser
induced magnetization precession in ferromagnetic metal films.
To summarize, the laser pumped magnetization precession in Pt/Co/Pt thin film system
with perpendicular interface anisotropy is investigated by time resolved magneto optical
Kerr effect. Based on a microscopic three temperature model, a model description of the
magnetization precession is proposed. It is found that the experimental data can be ex-
cellently fitted by the theoretical model. This agreement between theory and experiment
provides insight into the different roles played by the demagnetization field and the in-
terface anisotropy field in laser induced magnetization precession. Importantly, the initial
phase of the precession is determined by the dynamic interface anisotropy field completely.
Given the possible utilization of laser induced anisotropy change in controlling magnetiza-
tion dynamics, especially in search of ultrafast switching of magnetization using laser pulses,
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the proposed model description could serve as a starting point to explore more interesting
physics in other systems, such as exchange-coupled artificial superlattices.
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